action of IP 3 itself as Ca 2ϩ , inositol 1,3,4,5-tetraphosphate (IP 4 ), and arachidonic acid metabolites [2, 7-9]. Kumamoto University Kumamoto 862-0973 Thus, IP 3 plays a key role in the signaling cascades to link extracellular messengers to intracellular Ca 2ϩ mobi-5 Laboratory of Molecular Biology Department of Synthetic Chemistry and lization. The conventional HPLC and capillary electrophoretic Biological Chemistry Graduate School of Engineering analyses [10, 11] and the assay based upon competition between generated IP 3 and radiolabeled IP 3 for binding Kyoto University Kyoto 615-8510 to the binding protein [12] have been previously employed to assess metabolism of IP 3 . These methods 6 PRESTO, JST Uji, Kyoto 611-0011 require destruction of cells. Recently, for real-time detection of temporal and spatial dynamics of inositol lip-Japan ids in intact cells, green fluorescent proteins (GFP) fused to the protein motifs that mediate the interactions with the phosphoinositides have been invented [13]. Hirose Summary et al. [14] have demonstrated agonist-induced translocation of GFP-tagged PH domain of PLC␦, which was Real-time observation of messenger molecules in indidiscussed to be mainly due to PIP 2 metabolization and vidual intact cells is essential for physiological studies subsequent increase in intracellular IP 3 concentration of signaling mechanisms. We have developed a novel ([IP 3 ] i ). Despite the usefulness of the genetically encoded inositol 1,4,5-trisphosphate (IP 3 ) sensor based on the GFP-based phosphoinositide probes, several drawpleckstrin homology (PH) domain from phospholipase backs that may complicate interpretations have been C (PLC) ␦. The environmentally sensitive fluorophore also pointed out [13]. The probes can bind both inositol 6-bromoacetyl-2-dimethyl-aminonaphtalene was conjulipids and soluble phosphoinositides [14, 15]. Furthergated to the genetically introduced cysteine at the more, stable overexpression of the probes can signifimouth of the IP 3 binding pocket for enhanced IP 3 seleccantly change the molecular geography by sequestrativity and for rapid and direct visualization of intracellution of inositol lipids and might exert inhibitory effects lar IP 3 Ն 0.5 M as fluorescence emission decreased. on various lipid-dependent cellular functions [13]. In an The probe, tagged with arginine-rich sequences for attempt to develop a biosensor that specifically detects efficient translocation into various cell types, revealed [IP 3 ] i changes, we have combined a site-directed mutaa major contribution of Ca 2؉ influx to PLC-mediated IP 3 genesis/recombinant expression technique with chemiproduction that boosts Ca 2؉ release from endoplasmic cal modification with fluorophore. The results demonreticulum. Thus, our IP 3 probe was extremely effective strate efficient cellular incorporation of the newly to quantitatively assess real-time physiological IP 3 developed IP 3 probe and selective detection of IP 3 by production via those pathways formed only in the inthe probe in various types of intact cells. Use of the tact cellular configuration. probe enabled a real-time detection of Ca 2ϩ influxenhanced IP 3 production, which can be only assessed conjugation to an HIV tat peptide. J. Immunol. 159, 1666-1668. 21. Vives, E., Brodin, P., and Lebleu, B. (1997). A truncated HIV-1 tat We thank Keiji Imoto for helpful discussion.
Introduction in the intact cellular configuration.
Phospholipase C (PLC) plays a central role in phosphati-
Results dyl inositol response, generating inositol 1,4,5-trisphosphate (IP 3 
) and diacylglycerol through hydrolysis of
Properties of the Fluorophore-Conjugated PH phosphatidylinositol-4,5-bisphosphate (PIP 2 ) in response Domain as an IP 3 Sensor and Its Genetic to activation of plasma membrane receptors for neuro-Manipulation for Improved Cellular Incorporation We have previously described a basic strategy for designing optical direct IP 3 sensors with higher selectivity *Correspondence: mori@sbchem.kyoto-u.ac.jp than the original PLC␦-PH [16]. In the sensor protein to produce the sensor derivatives, as shown in Figure  1B . Figures 1D-1H depict in vitro optical behavior of constructs, single cysteine (Cys) mutations were first introduced at residues such as aspargine (Asn) 106, sensor R9-106DIP3, which is the Arg (R) 9 -tagged PH domain conjugated with DAN at the cysteine residue whose ␤ carbons are located 8-9.7 Å away from the C2 carbon of bound IP 3 . The fluorophores were then 106. Decrease of emission intensity of R9-106DIP3 (formerly referred to as R9-PHIP 3 -D106 [32]) through IP 3 conjugated to the residues so that they would snugly fit in the binding pocket to prevent semispecific ligand binding in response to increase of IP 3 concentration can be theoretically fitted to the following calibration binding ( Figure 1A) . 1G ). Affinity of IP 3 binding of R9-106DIP3 was slightly PLC␦-PH protein was fused to these peptide sequences nonionic sulfactant polyol detergent Pluronic F127, which has been routinely used to load ion indicators Among the tested inositol phosphates, inositol hexaphosphate showed a Kd comparable to that of IP 3 
in wild-type (WT) and PLC␥ 2 -deficient (PLC␥ 2 Ϫ ) chicken tained [IP 3 ] i increase in Ca 2ϩ -containing external solution, whereas fluorescence intensity decreased only DT40 B-cells loaded with R9-106DIP3 (Figure 3C). This seems to reflect degradation of the photo-labile R9-transiently to return to almost initial levels in Ca 2ϩ -free external solution (Figure 3D). The observed changes in 106DIP3 by UV irradiation during the measurement, since increase of interval of UV irradiation reduced the fluorescence intensity of R9-106DIP3 showed an interesting temporal correlation with the BCR-induced [Ca 2ϩ ] i reduction speed of fluorescence intensity. Speeds of fluorescence reduction elicited by UV irradiation at 2, transients (Figures 3D and 3E). R9-106DIP3 fluorescence recovery ([IP 3 ] i decrease) delayed compared to 10, and 20 s intervals were 135%, 77%, and 63%, respectively, of the speed at the 5 s interval routinely decay of [Ca 2ϩ ] i transients. The results strongly support detection of IP 3 increase and decrease by sensor R9-used in the measurement. Within 20 s after BCR ligation, significant speeding up of florescence decrease, namely 106DIP3 through reversible IP 3 binding, suggesting that IP 3 production is positively regulated by Ca 2ϩ entry. IP 3 production (⌬[IP 3 ] I , Figures 3C and 3D) and [Ca 2ϩ ] i rises mediated by IP 3 R release channel [33] in WT cells,
Efficiency of R9-106DIP3 was also examined in other cell types. As shown in Figure 4A , stimulation of G pro-were observed coincidentally ( Figure 3E ). In contrast, PLC␥ 2 Ϫ cells never showed these responses.
Interest-tein-coupled ATP receptors induced transient [IP 3 ] i increases in the absence of extracellular Ca 2ϩ in CHO cells ingly, fluorescence intensity changes in R9-106DIP3loaded DT40 cells were significantly affected by extra-loaded with R9-106DIP3. Subsequent addition of Ca 2ϩ
to external solution induced additional [IP 3 ] i increases. cellular Ca 2ϩ : decrease in fluorescence intensity was maintained after an initial decrease indicative of sus-This observation is quite similar to that observed in DT40 
detection problem can be avoided by controlling the amount of the probe loaded. The lower binding affinity of R9-method that senses nanomolar IP 3 localized near the plasmamembrane [35], will provide complementary in-106DIP3 with inositol phosphates other than IP 3 and phosphoinositides in comparison to the original PH do-formation with regard to spatial/temporal patterns of IP 3 signals. main from PLC␦ also minimizes side effects during measurement (Figure 5). This advantage of R9-106DIP3 is R9-106DIP3 has an advantage with regard to significantly low buffering of IP 3 signals by the probe itself. attributable to the fluorophore conjugation of the cysteine residue at the mouth of the IP 3 binding pocket [16].
This is supported by the fact that lowering the probe concentration from 1 to 0.25 M failed to significantly In fact, the data indicate that cells loaded with the IP 3 sensor were indistinguishable from control cells in BCR-affect receptor-induced IP 3 responses ( Figure S2B ). In the formation of the 1:1 complex of IP 3 and the probe, induced Ca 2ϩ responses measured using the fura-2 method (Figures 5A and 5B cal systems. Therefore, only less than 1/40 of IP 3 produced is buffered by the probe itself, again supporting the efficiency of Significance R9-106DIP3 in being significantly free from interfering native IP 3 signaling.
in which [IP 3 ] t , A, and C are total intracellular IP 3 concen-cell types such as DT40, HEK, and CHO cells. This supports sufficient reversibility in binding of IP 3 with the tration, the maximal changes in normalized fluorescence intensity [(F max Ϫ F min )/F max ], and the concentration of probe, which may reflect [IP 3 ] i oscillation [14]. Thus, R9-106DIP3 is efficient in quantitative and temporal assess-the incorporated probe, respectively [36]. When [IP 3 ] t is
The second messenger D-myo-inositol-1,4,5-trisphos-
R9-106DIP3 has enabled the first real-time demonphate (IP 3 ) regulates intracellular Ca 2؉ concentration. stration of positive regulation of IP 3 production by recep-Mapping real-time intracellular IP 3 concentration tor-activated Ca 2ϩ influx in individual cells. A previous changes is an indispensable technique to elucidate report determining IP 3 levels by competition assay with the diverse cellular processes related to IP 3 produc-[ 3 H]IP 3 using destroyed cells has demonstrated ention. We have developed a biosensor for direct and hancement of IP 3 production by Ca 2ϩ entry via PLC␦ 1 real-time detection of intracellular IP 3 concentration [37]. However, it was difficult to temporally correlate IP 3 changes based on binding by the PLC␦ PH domain. production with [Ca 2ϩ ] i , since the highest time resolution
The IP 3 sensor tagged with the arginine-rich peptide was 15 s in the experiment. In addition, the data were was efficiently incorporated into intact cells and deaveraged behavior of different masses of cells but were tected the intracellular IP 3 
concentration changes innot from the same individual cells. In contrast to the duced by ATP stimulation of CHO cells or anti-IgM population measurement, our data using R9-106DIP3 antibody stimulation of DT40 cells. The IP 3 biosensor clearly demonstrate delay of [IP 3 ] i decrease compared to reported here would be a powerful tool for detecting decay of [Ca 2ϩ ] i transients in individual cells, suggesting positive regulation of IP 3 production by receptor-actithat a negative regulation signal for Ca 2ϩ response is vated Ca 2؉ influx, which can be only elicited in the generated during PIP 2 hydrolysis. Interestingly, the [IP 3 ] i intact cellular configuration. The concept of the biomeasurement using R9-106DIP3 demonstrated a gradsensor design, based on fluorophore conjugation at ual increase of [IP 3 ] i in Ca 2ϩ -containing external solution the mouth of binding pockets of small protein doand a slow [IP 3 ] i increase, peaking only after 2 min BCR
mains, is applicable for other second messengers, stimulation in Ca 2ϩ free-external solution (Figure 3D) , providing important tools for elucidating metabolism while BCR-induced IP 3 production in the IP 3 population networks of second messengers. measurement using lysed cells showed a peak after 1 15. Stricker, R., Adelt, S., Vogel, G., and Reiser, G. (1999) . Transloca-Population IP 3 production assay was performed as described pretion between membranes and cytosol of p42IP 4 , a specific inosiviously [37] . DT40 cells (1 ϫ 10 6 ) were suspended in 50 l serumtol 1,3,4,5-tetrakisphosphate/phosphatidylinositol 3,4, 5-trisfree PSS solution, and anti-IgM (2 g) was added to the cell suspenphosphate-receptor protein from brain, is induced by inositol sion and incubated for the indicated time at 37ЊC. The BCR stimula-1,3,4,5-tetrakisphosphate and regulated by a membrane-assotion was terminated by adding 50 l trichloroacetic acid (15%). After 
